THE experiments upon which the present communication is based were commenced in May, 1912, and have been carried on continuously since then. It will be seen that the results are encouraging but still incomplete. Nevertheless it was thought advisable to place them on record in order to save other investigators on the same lines from a, large amount of preliminary work.
mice, the quantity of radium per mouse varying in different series of animals from 10-8 mg. to 10' mg. Later, another series of mice was inoculated with radium deposited in the form of silicate upon powdered mica, the quantities of radium being approximately the same as in the previous series. The technique was difficult, the animals not easy to keep alive over long periods, and the radium, although introduced in a very insoluble form, was found to disappear with some rapidity (Twelfth Report, 1913, p. 92). Combining both series, 193 mice were inoculated with radium, and of these sixty-seven were living after six months. These sixty-seven yielded five definitely malignant mice bearing six tumours, and, in addition, seven mice bearing doubtful tumours (one papilloma and six nodular masses, chiefly in the neck, as large as peas, oscillating in size and finally disappearing). Thirteen controls inoculated with glass or mica without radium also survived six months and showed no tumour formation of any sort. The sites of the tumours bore no obvious relation to the site of injection of the radium.
It was then decided to confine the radium in minute glass tubes the walls of which were sufficiently thin to exclude little more than the alpha radiation, and to use rats. The tubes measured about 3 by 1 mm. and were sealed at both ends after introduction of the radium. In the case of quantities of the order of 10-2 mg. and less, tubes of measured capacity were filled with the appropriate radium solution by capillarity, the contents evaporated to dryness by gentle heat and the tubes were then sealed at each end in the flame. In the case of quantities of radiunm greater than this the solid radium salt was used. Estimation of the amount of radium was made by means of the gamma-ray electroscope in the case of individual tubes where the amount was of the order 10-3 mg. or more. Tubes containing smaller amounts than 10-3 mg. were assumed to contain the desired quantities since they were of measured capacity and were filled with solutions of radium bromide carefully made and titrated by means of the alpha-ray electroscope. The quantities of radium element in the entire series of tubes increased in geometrical progression (the factor being 2) from 3 x 108 mg. to 3 x 10-4 mg. Owing to the absence of recognizable histological changes with these small quantities tubes were prepared with amounts of radium increasing to a maximum of 0'15 mg.
of radium calculated as element.
In the gall-bladder of rabbit experiments, actual gall-stones removed from a hum-an subject at an autopsy were used. The calculi were of the ordinary cholesterin type, very numerous, uniform in size, irregularly cuboidal and about 4 mnm. in diameter. Special examination of a sample by means of the alpha-ray electroscope had determined that no radium was recognizable in them. A small hole having been bored into the centre of several with a hot nieedle, a measured quantity of one of the radium silicate on mica suspensions was introduced into them, and after the liquid had dried completely the opening in the calculus was sealed with cholesterin liquefied by heat. Each gall-stone was designed to contain 1 x 10-6 mg.; one such calculus estimated by the alpha-ray electroscope showed the presence of 4 x 10-6 mg. As will be seen from consideration of the actual amounts of radium found in the gallstones after death of the individual rabbits it appears that the radium in these gall-stones underwent a gradual disappearance as was the case when the substance was deposited in insoluble form beneath the skin of mice (cf. supra,).
EXPERIMENTS ON THE SKIN OF RATS. The radium tubes were introduced beneath the skin in the axillary region by means of a Bashford trocar and cannula. One hundred and twenty-two rats were so treated with quantities of radium varying from 10-8 mg. to 10' mg. Minimal recognizable effects, consisting in falling out of the hair over the situation of the tube, were observed in two animals which had been subject to the rays from 6 X 10-4 mg. (estimated) for forty-four days and 1P5 x 10' mg. (determined by gamma-ray electroscope) for fifty-seven days respectively. The other animals in the series showed no changes. Larger quantities of radium produced increasing effects and the histological changes of skin considered in this section are the effects of radium (calculated as element) in quantities varying from 1P5 x 10' mg. to,15 x 10-1 mg., or roughly from one-thousandth of a milligram to one-seventh of a milligram. Fifty-three rats were treated with these larger quantities.
Changes taking place in the skin were always ushered in by the formation of a local swelling around the tube, followed by falling out of the superficial hair. This was succeeded by the formation of an ulcer, oval in shape, a little less extensive than the swelling and covered by a scab. The extent of these changes and the length of time necessary for their production were factors of the amount of radium present in the animal concerned. Thus, the rat with 1'09 x 10-1 mg. showed wide removal of hair on the fifteenth day after introduction of the tube, and a lumpy scab on the nineteenth day; the rat with 6'6 X 10-3 mg. showed slight thinning of hair over the tube on the tenth day after its introduction, definite thinning on the twenty-eighth day, a bare patch and scaliness on the forty-ninth day, and never reached to ulceration and the formation of a scab at all.
On the death of the animal the affected region was removed, pinned out on cork, hardened in acetic alcohol and embedded in paraffin. Sections were cut, at right angles to the surface, from the centre of the affected region to well beyond it, and stained in the usual ways. When the site of maximum overgrowth of skin had been determined its outline was drawn (as seen in a single field of the microscope with a i in. objective and a No. 3 eyepiece-i.e., by 85 diameters). These drawings were then blackened in to produce the silhouettes shown in figs. 1 to 22.
In many instances the tube ulcerated out. Some of the animals in which this occurred were examined forthwith, others were allowed to live in order to determine the subsequent course of the ulcers. It may be stated here that healing always took place with some rapidity but the scar, though covered with a thin layer of epidermis, never developed hair follicles, and a bald area always persisted. Though watched for months such a region was never seen to undergo any further change.
The series of silhouettes shows (1) that the radiuim has led to an increase in thickness of the epidermis in all cases; (2) that this thickness of epidermis varies, roughly, in direct ratio with the factor QT by which is designated the product of the quantity of radium and the number of days in which it was in position, or, in other words, the total amount of radiation to which it was subjected; (3) that whereas the lower level of the epidermal layers in the normal animal is parallel to the outer layer and no downgrowths of epidermis occur, in the radiated animals, on the contrary, irregular downgrowths frequently occur; (4) that, in the radiated animals hair and hair follicles have completely disappeared; and (5) that several of the epithelial downgrowths show the presence of appearances indistinguishable from those of the " cell nests" of squamous cell carcinoma (cf. figs. 4, 5, 6, 9, 11, 13, 15, 17, 19, 20, 21, 22) .
The site of maximum overgrowth of epidermal layers varied in reference to the position of the tube, being at a greater distance as the amount of radium contained within the tube was greater, and vice versa. From this it would appear that there is an optimum degree of stimulation by the rays for the multiplication of the cells, since the intensity of radiation falls off, approximately, according to the law of inverse squares. The time factor seems to manifest itself in two ways. When the amount of radium is of the order 102 mg. or less, the amount of epithelial overgrowth varies, roughly, as the length of time; when the radium is present in larger quantity each successive focus of epithelial stimulation becomes merged in the advancing area of cell destruction. This is well seen in fig. 22 , where the large black area does not represent living epithelial cells but degenerated material, the former composition of parts of which is indicated by the cell nests embedded in it. This is but another example of the well recognized fact that a stimulus which leads to proliferation of cells, if acting for a certain length of time, leads to degeneration if its action be prolonged. That such a result is particularly likely to occur when radium is the stimulus is indicated by the experiments of Mottram (Twelfth Report from these Laboratories, 1913, p. 112), who showed that the animal cell, as exemplified by the ova of Ascaris megalocephala, is at least eight times as vulnerable to the beta plus gamma rays of radium in the dividing as in the resting stage of its nucleus.
Immediately around the radium tube degeneration of tissue was complete and signs of inflammation were conspicuously absent. Outside the zone of epithelial overgrowth the epidermis gradually merged into a normal condition, but complete absence of hair and hair follicles extended for a variable distance beyond the zone of epithelial overgrowth. In no instance, except possibly that represented in fig. 22 , did the epithelial downgrowth invade the subjacent muscular layer.
EX.PERIMENTS ON THE GALL-BLADDERS OF RABBITS.
Gall-stones were introduced into the gall-bladders of nine rabbits.
Of these, three were controls, the galf-stones containing no radium.
Six were experimental, the gall-stones used for introduction into their gall-bladders having previously been impregnated with radium artificially. The control animals died, respectively, two months, twelve months, and thirty-eight months after the operation. The experimental animals died, respectively, twelve months, sixteen months, seventeen months, twenty-two months, thirty-seven months, and fortyeight months after operation. The operations were caxrried out under A.C.E. mixture, and with strict aseptic precautions. The wounds healed by first intention, and recovery was rapid and quite uneventful.
After death a careful autopsy was made. The gall-bladder, which had usually become imbedded in the substance of the liver, was removed with a small amount of surrounding substance and placed in preservative. Portions of liver, kidney and lungs, with any suspicious nodules, were preserved for microscopical examination. After hardening of the mass containing the gall-bladder the latter was carefully opened and the calculus removed for subsequent examination as to presence or amount of radium by means of the alpha ray electroscope. The gallbladder itself, with attached liver substance, was then cut into pieces of suitable size and embedded in paraffin for microscopical examination.
Below is given a short description of the nmicroscopical appearances in each case.
Control Rabbits. Control 1.-Capsule of gall-bladder much thickened and consisting of dense fibrous tissue. No columnar epithelium present. A small amount of d6bris in the cavity in addition to the calculus. Bile-ducts, blood-vessels, liver cells and connective tissue normal. Animal lived two months after operation. No radium found in gall-stone.
Control 2.-Capsule of gall-bladder irregularly thickened and consisting of dense fibrous tissue. Epithelium papillomatous, well preserved and staining well. The papillomatous epithelium projects into the cavity of the gall-bladder and nowhere invades the wall. Much mucus present. Liver normal, no proliferation of epithelium in the bile-ducts, no increase in connective tissue. Animal lived twelve months after operation. No radium found in gall-stone.
Control 3.-Capsule of gall-bladder greatly thickened and consisting of dense fibrous tissue; cavity occupied by pultaceous debris. Columnar epithelium in a single layer recognizable with certainty in many places but the nuclei are degenerated. There is no trace of irregular proliferation of epihelium. Multiple necrotic foci and general increase of connective tissue in the liver substance. Slight inflammatory small cell infiltration around the bile ducts, the lining epithelium of which is good. No signs of inflammation around gall-bladder. A dilated, thickened and much enlarged bile-duct with pultaceous contents closely resembles the altered gall-bladder. Animal lived thirty-eight months after operation. Calculus pultaceous and not recoverable. present throughout the liver in considerable numbers, but the hepatic substance is otherwise normal. A single focus of tissue consisting of irregular tubules lined with columnar epithelium and set in fairly dense fibrous tissue is present beneath the capsule of the liver in close relationship with the pancreas. It resembles the invading epithelial formation in the gall-bladder in arrangement and in character of cell. Animal lived twelve months after operation.
Gall-stone contained 14 x 10' mg. of radium calculated as element.
Rabbit B.-Capsule much thickened and consisting of firm fibrous tissue. Epithelium polypose over the greater part of the interior of the gall-bladder, but at one place there is considerable proliferation and invasion of the capsule, with irregular tube-like formations, which are grouped irregularly owing to the presence of intervening strands of fibrous tissue. Small cell infiltration in advance of the invading tubules and in the intervening connective tissue as well as in the loose connective tissue underlying the polypose prolongations of columnar epithelium lining the remainder of the gall-bladder. Epithelial cells and nuclei are good in both gall-bladder and ducts. Liver substance normal except for the existence of some increase of connective tissue throughout. Animal lived sixteen m-onths after operation. Gall-stone contained 2,4 x 10-8 mg. of radium calculated as element.
Rabbit C.-Capsule irregularly thickened, but not so greatly so as in some other instances. Wall consists of very dense fibrous tissue. Epithelium mostly shed, but papillomatous in places and very irregular. Wall of gall-bladder invaded in two regions, where are large alveoli containing disorganized columnar epithelium. No small cell infiltration recognizable. Epithelium of ducts good, but there is a tendency to proliferation and desquamation. Liver substance normal, no increase of connective tissue. Animal lived seventeen months after operation. Gall-stone contained 7T3 x 10-8 mg. of radium calculated as element.
Rabbit D.-Capsule considerably thickened, the fibrous tissue of which it is composed being dense and smooth externally but looser and more irregular internally. There is no normal epithelial lining to the gall-bladder, but the presence of columnar epithelium, lining irregular and ill-formed tubules, is noted 'throughout the greater part of the thickened gall-bladder. Between the invading tubules the loose connective tissue of the gall-bladder shows a moderate small cell inifiltration. The liver is profoundly altered. There is a great fibrosis of the atrophic cirrhosis type, but the meshes are small, and fine strands of fibrous tissue pass between small groups of liver cells. Numerous necrotic areas are present, in which bacteria can be demonstrated. The cells of the bile-ducts are very greatly proliferated and desquamated. There appears to be an actual proliferation of bile-ducts. Animal lived twenty-two months after the operation. Gall-stone contained 2'1 x 10-8 mg. of radium calculated as element. Rabbit E.-The wall of the gall-bladder is fibrotic and thickened, but not so greatly so as in some other specimens. The epithelium lining the cavity is partly present, and in places is papillomatous, proliferated and degenerated, and here the subjacent connective tissue is infiltrated with a fair number of small round cells. Inflammatory cells in the ordinary sense are absent. At one place great invasion has taken place, many alveoli of various sizes and consisting of various numbers of irregular tubules lined with columnar epithelium extending through nearly the entire thickness of the capsule. The cells lining the tubules are degenerated, but there is no doubt as to their columnar nature. The largest of these alveoli shows the presence of mucus with admixture of calcareous debris. There is an increase in the amount of connective tissue in the liver, and inflammatory cells are present, but the liver substance itself is broken up to such an extent by the defective preservation (due to the disorganization of the laboratory caused by the War) that reliable statement cannot be made thereupon. Animal lived thirty-seven months after operation. Gall-stone contained 3'7 x 10-s mg. of radium calculated as element.
Rabbit F.-Capsule of gall-bladder greatly thickened and consisting of practically acellular fibrous tissue. Epithelium partly normal, and partly proliferated and polypose, and resting on a looser connective tissue that is moderately infiltrated with small round cells. Two or more foci of invasion of the fibrous tissue of the capsule by tubules lined with columnar epithelium. At one spot a collection of thirteen transverse sections of tubules of different sizes and shapes is seen to lie in the midst of the fibrous tissue of the capsule and to be surrounded with a thin zone of small round cells. Some fibrosis around the bile-ducts in the liver, but no fibrosis of the liver itself. Foci of degeneration are present in places, and are, apparently, dependent upon vascular changes as the necrotic areas lie in or around blood-vessels. These necrotic foci are visible to the naked eye. No metastases were found. The epithelium of the gall-bladder in this case shows the least departure from the normal amongst the experimental rabbits (A-F), but differs from the normal and from the control rabbits in the presence of definite irregular proliferation and invasion of the thickened gall-bladder by alveoli, consisting of irregular tubules with columnar-cell lining. Animal lived forty-eight months Whatever view may be taken as to the nature of the changes that have been described it is impossible to escape from three conclusions:
(1) That a glass tube containing a sub-mininmal amount of radium causes no appreciable change in the skin or subcutaneous tissue of the rat, and that a gall-stone containing no radium leads to a fibrous thickening of the gall-bladder wall and such degenerative or slightly proliferative changes in epithelium as might be expected to result fronm the presence of a simple foreign body; (2) that the presence of an effective amount of radium is associated with the occurrence of irregular proliferative epithelial changes, squamous in the case of the skin, columnar cell in the case of the gall-bladder; and (3) that the epithelial changes, whatever their nature, were not sufficiently extensive to prove fatal as cancer does in the human subject.
As to the nature of the changes, if undue proliferation of squamous epithelium in the skin with the occurrence of epithelial downgrowths and of " cell nests " constitute squamous-cell carcinoma, and if irregular proliferation of columnar epithelium in the gall-bladder with the formation of irregular tubules which invade the deeper-lying parts constitute columnar-cell carcinoma, then it is difficult to resist the conclusion that squamous-cell carcinoma has been produced in the skin of the rat and columnar-cell carcinoma in the gall-bladder of the rabbit by means of radium. The existence of a focus at a distant part of the liver in rabbit A, which is completely unlike any constituent of liver tissue and reproduces faithfully the appearances met with in the gall-bladder of the same rabbit, and of all the other rabbits in whose gall-bladders radiumcontaining calculi were experimentally placed, is strong evidence (1) that the focus in question is a metastasis, (2) that the condition in the gall-bladder of rabbit A is columnar-cell carcinoma, and (3) that the gall-bladders of the other rabbits in the same series (B, C, D, E, F) are also the seat of columnar-cell carcinoma. Such a view is compatible with the histological appearances. Even judged from the basis of morbid histology in man, I submit that the appearances represented in figs 4, 13, 15, 19 and 21 indicate a very early condition of squamouscell carcinoma and that the appearances represented in figs. 32, 36, 40 and 42 indicate an early condition of columnar-cell carcinoma.
The differences in quantity of radium necessary to induce epithelial changes in the two situationg is great (skin of rat 10-2 mg., gall-bladder of rabbit 10-6 mg.) and both quantities are far greater than that met with in carcinoma of man (108 mg.) or capable of accelerating cell division in ova of Ascaris megalocephala (5 x 10-7 mg.). It is probable that these differences indicate that some varieties of cell react more readily to radium rays than others, not only in different species of animals but even in the same species. I have shown (Thirteenth Report, 1914, p. 34) that this is true for squamous and columnar epithelium in rats. Nevertheless it must be remembered that in the 15S experiments on skin of rat detailed above, the radium factor differs from those on gall-bladder of rabbit and those on ova of Ascaris by the fact that in the rat skin experiments action of alpha rays was excluded owing to enclosure of the radium in glass tubes. The relatively large amount of radium necessary to induce squamous epithelial changes in the rat seems to suggest that it is not a suitable animal for the easy experimental production of carcinoma. DESCRIPTIONS OF FIGURES. Fig. 27 .-Gall-bladder of rabbit, control 2; low power. Fig. 28 .-Gall-bladder of rabbit, control 2; high-power. Fig. 29 .-Gall-bladder of rabbit, control 3; low power. Fig. 30 .-Gall-bladder of rabbit, control 3; high power. Fig. 31 .--Gall-bladder of rabbit A; radium, low power. Fig. 32 .-Gall-bladder of rabbit A; radium, high power. Fig. 33 .-Gall-bladder of rabbit A; radium, metastasis, low power. Fig. 34 .-Gall-bladder of rabbit A; radium, metastasis, high power. Fig. 35 .-Gall-bladder of rabbit B; radiuro, low power. Fig. 36 .-Gall-bladder of rabbit B; radium, high power. Fig. 37 .-Gall-bladder of rabbit C; radium, low power. Fig. 38 .-Gall-bladder of rabbit C; radium, high power. Fig. 39 .-Gall-bladder of rabbit D; radium, low power. Fig. 40 .-Gall-bladder of rabbit D; radium, high power. Fig. 41 .-Gall-bladder of rabbit E; radium, low power. Fig. 42 .--Gall-bladder of rabbit E; radium, high power. Fig-43 .-Gall-bladder of rabbit F; radium, low power. Fig. 44 .-Gall-bladder of rabbit F; radium, high power.
Professor S. G. SHATTOCK: Whilst one must fully recognize the value of the author's results, and the prospect they open up of further developments in experimentation upon the etiology of carcinoma, it does not seem to me that. the lesions can safely be regarded as more than " pre-cancerous." The downgrowth of the epidermis in the rat's skin in no case transgresses the limits of' the corium; and on the removal of the radium the changes, instead of progressing, disappear. In regard to the proliferative changes set up in the mucosa of the gall-bladder by the action of radium introduced into gall-stones, those seen in the bile-ducts in coccidiosis are quite as pronounced.. For the production of carcinoma there is, I think, a second factor which still needs discovery. The author's view that this consists in a lessened resistance requires scientific demonstration; nor is it logically the only other possibility, for there may be a second extraneous factor, such as the access of an ultramicroscopic virus. Amongst the author's results there was one in which a. metastasis had occurred in the liver; but here some such factor might have come into play, and the inflammatory proliferative process have been succeededby the growth of a proper carcinoma.
